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Abstract.
We study the turbulent transport of an ion cyclotron resonance heated (ICRH), MeV
range minority ion species in tokamak plasmas. Such highly energetic minorities, which
can be produced in the three ion minority heating scheme [Ye. O. Kazakov et al. (2015)
Nucl. Fusion 55, 032001], have been proposed to be used to experimentally study the
confinement properties of fast ions without the generation of fusion alphas. We compare
the turbulent transport properties of ICRH ions with that of fusion born alpha particles.
Our theoretical predictions indicate that care must be taken when conclusions are drawn
from experimental results: While the effect of turbulence on these particles is similar
in terms of transport coefficients, differences in their distribution functions – ultimately
their generation processes – make the resulting turbulent fluxes different.
21. Introduction
The success of the magnetic confinement approach to fusion strongly relies on the
confinement and transport of the alpha particles over the whole energy range from 3.5MeV
to the thermalized ash. These particles represent the source of heat for the self-sustained
fusion reaction, they can damage the plasma facing components if they get lost before
slowing down, and they can dilute the plasma if they would not leave the core after
depositing their energy. Accordingly, a significant theoretical and experimental effort has
been dedicated to the study of alpha particle physics [1, 2].
The ITER experiment is expected to demonstrate dominant alpha heating for the
first time. In order to gain confidence in our capabilities to predict the behavior of
alphas, various experiments and proposals considered mimicking alpha particles using
energetic ion species from neutral beams and/or radio frequency (RF) heating (see for
instance [3, 4]). Similarity scaling arguments can provide a guidance for such experiments
to be relevant for alpha physics in reactor scale devices [4, 5, 6, 7]. Previous works
have mostly been concerned with creating ITER-relevant situations in devices of smaller
dimensions. Since ITER will operate in a non-activated mode for several years before
starting to generate alphas in deuterium-tritium (DT) plasmas, it is instructive to consider
possibilities to mimic alpha particles in scenarios which can be applied on ITER itself. For
such experiments the generation of energetic ions in the MeV range would be desirable,
which is not trivial to achieve using conventional heating techniques. In this paper we
theoretically demonstrate that certain aspects of the turbulent transport of alpha particles
may be studied already in the non-activated phase through generating very energetic trace
minority ions by a novel ion cyclotron resonance heating (ICRH) scheme, while care must
be taken with the interpretation of any experimental results because of the different nature
of these species.
In this paper we only consider tokamaks, where, due to the almost perfect toroidal
symmetry the vast majority of collisionless orbits are confined. Imperfections in toroidal
symmetry can lead to direct orbit losses; it is a well understood process that can be
effectively mitigated using ferritic steel inserts [8]. Fast particle driven instabilities –
in particular various Alfve´nic Eigenmodes (AE) – have been playing a major role in
energetic particle losses in current tokamak experiments, and accordingly, they have
received considerable attention (see recent reviews in Refs. [9, 10]). The importance
of AEs in ITER is still an open question; a recent study [11] concludes that AE-induced
transport is not expected to play a major role below mid-radius in a typical ITER scenario
(due to the Landau damping being stronger than the fast particle drive). In any case, in
a reactor the energetic alpha particle losses need to be kept within some tolerable level
and for the majority of the alpha particles the collisional slowing down should happen on
a flux surface; in this paper we assume this to be the case.
The effect of turbulence on fast ions is suppressed by finite Larmor radius (FLR)
effects at very high energies. However, as pointed out in e.g. Ref. [12], across some
3suprathermal energy range turbulence can play a major role in radially transporting alpha
particles; in particular, the radial turbulent transport timescale can be much shorter than
the slowing-down timescale. Thereby the energy distribution of alphas may be modified
from the usually assumed slowing down distribution [13, 14, 15].
The energetic species that is used to mimic alphas should optimally reach
temperatures well above the critical energy for electron drag to dominate the collisional
slowing down [4]. There have been experimental studies generating high-energy ions
to simulate fusion-born alpha particles. For instance, a neutral beam injection hot ion
population of 4He was further energized from the 100 keV to the MeV range using third
harmonic ICRH [3]. Recently, another possibility to generate energetic ions with ICRH
has been proposed theoretically [16] and observed indirectly in experiments [17]. A distinct
feature of this three-ion minority (TIM) heating scenario is the high efficiency of the power
absorption at a very low concentration of the resonant ions. As a result, the minority
ions can be accelerated to higher energies than in commonly used heating scenarios. Here
we consider one of the possible TIM scenarios in ITER [16], and compare the transport
properties of the heated minority to that of the alpha particle transport in a similar
DT discharge. The strong non-Maxwellian feature of the energetic trace species is taken
into account in our gyrokinetic analysis. We find that although turbulence advects these
trace species in a similar way – apart from minor differences due to ionic composition
effects – their transport properties can be very different because of differences in their
distribution function. Alphas tend to transport outwards in steady state, while turbulence
acts to accumulate the heated minorities in the region where the power absorption is the
strongest.
Besides its relevance in fusion, the transport of high energy (and non-Maxwellian)
minority species is also of interest in space- and astrophysics context. For instance, in the
solar wind plasma the effective temperature of various ions have been observed to increase
linearly or stronger with atomic mass [18], which may be a result of turbulent heating
of heavy ions [19] in this highly collisionless environment. The methods and some of the
results, presented here are also relevant in such circumstances.
The remainder of this paper is organized as follows. In Sec. 2 we discuss the heating
scenario considered, and explain the modeling of the distribution function of the heated
species. Sec. 3 starts with general considerations on how the turbulent transport of a
trace species is treated, which is followed by the setup of the gyrokinetic simulations in
Sec. 3.1. Then we present some general observations for the transport of a hot species in
Sec. 3.2, before getting to the main results: comparing the transport of heated minorities
with that of alpha particles in Sec.3.3. Finally we conclude in Sec. 4.
2. Scenario and properties of the heated species
We are interested in to what extent the transport of alpha particles in DT plasmas can be
mimicked by that of heated minority ions in plasmas with different ion composition, but
4Figure 1. Density (ne in 10
19m−3, solid curve) and temperature profiles (Te and Ti
in keV, dashed and dash-dotted curves, respectively) in the projected ITER discharge
20020100. The radial region studied is indicated by the vertical bars.
similar profiles. In particular, we consider a non-activating ion composition: hydrogen
(69.8% of electron density) and helium-4 (15%), with helium-3 (0.1%) minority as the
heated species. The choice of the profiles is based on projected profiles in an ITER
scenario simulation [20]. The profile data was accessed from the International Multi-
tokamak Confinement Profile Database. We choose a high βN hybrid [21] discharge
(20020100), the temperature and electron density profiles of which are shown in Fig. 1.
The profiles represent the self-consistent solution of an interpretative transport analysis
using the PTRANSP code [22], as detailed in the Appendix of Ref. [20]. We kept the
electron density, and assumed the concentration of the different ion species to be constant.
Furthermore, some separation of the bulk ions might occur due to mass and charge effects
on their turbulent transport [23, 24], and also modifications of the magnetic equilibrium
when moving between the different ion composition cases, but these changes are not
expected to qualitatively affect our results.
For our baseline study we will use the same temperature profiles and electron density
profile as in the projected DT discharge. In the non-burning phase of ITER it is unlikely
that such temperatures could be reached, but we will show in Sec. 3.3 that the energy
dependence of the radial transport remains similar apart from scaling with the bulk
temperature. In the simulations the hot minority is assumed to have a radially constant
concentration, unless stated otherwise, and have distribution functions unaffected by the
energy dependence of the radial transport.
The location of the ICRH resonance affects the achievable effective minority
temperature. More central location leads to hotter minorities due to the absorption
being localized to a smaller volume. Therefore generating energetic ions with central
heating requires less ICRH power and may be advantageous to use in an experiment.
However, here we choose a somewhat off-axis resonance location to assist our gyrokinetic
study. Gyrokinetic simulations often fail to predict a finite turbulent transport close to
5Figure 2. Flux surface averaged RF power density per injected power
[MW/(m3MWinj)], absorbed by
3He ions; from TORIC simulations. Solid curve:
at baseline profiles (shown in Fig. 1); dashed curve: at reduced temperature and
density (profiles scaled from those in Fig. 1, corresponding to Ti(0) = 4 keV and
ne(0) = 6 · 1019m−3). Note the different scales.
the magnetic axis (see for instance [25]), while some level of turbulent transport would
be needed to predict temperature profiles consistent with the experiment. Without going
into the discussion of possible reasons for this observation of turbulence simulations, we
simply note that it is advantageous to choose a resonance location tangential to a flux
surface where microinstabilities with positive growth rates were present in order to get
a finite level of turbulent fluxes in the simulation. Accordingly, we choose the cyclotron
resonance of 3He ions to be tangential to the ρ = 0.3 flux surface from the outboard
side (ρ = r/a is the normalized radius, r is the radial coordinate defined as the half
width of the flux surface at the elevation of its centroid, and r = a at the last closed flux
surface). For this resonance location and an on-axis toroidal field of BT = 5.3T the RF
source should operate at the frequency fICRH = 50MHz. A single toroidal wave number
ntor = 27 representative for [0, 0, pi, pi] phasing of the ITER ICRH antenna [26, 27] is used
in the simulations.
The flux surface average absorbed power density per unit injected power for 3He ions
computed with the TORIC code [28, 29] is represented by the solid curve in Fig. 2. The
simulations were made for the baseline plasma parameter profiles, assuming Maxwellian
distributions for all particle species, and an effective temperature of 1MeV for 3He. The
heating modeling does not account for finite orbit width effects and does not evolve the
distribution functions and the power deposition self-consistently. While a detailed ICRH
modeling is outside the scope of our conceptual study, we note that such effects may
lead to radial power deposition profiles which are considerably smoother, corresponding
to possibly less sharp variations in the effective temperature of the heated minority. The
importance of the relative magnitude of the density and temperature gradients of the hot
species is discussed in Sec. 3.3.
A similar calculation for reduced temperatures and electron density is represented by
the dashed curve in Figure 2; the profiles are re-scaled so that the central ion temperature
6and electron density are Ti(0) = 4 keV and ne(0) = 6 · 1019m−3, respectively. In this case,
when the bulk is colder, electron absorption is not efficient and almost 100% of the coupled
power is absorbed by the 3He ions. For the baseline case, 23% of the launched power is
absorbed by electrons with a radially broad absorption profile at the low field side. To
reach similar minority-to-bulk temperature ratios in the studied radial region, we assume
different injected ICRH powers: Pinj = 15MW in the baseline case and Pinj = 10MW for
the re-scaled profiles.
The ICRH produces anisotropic minority distributions with a perpendicular-to-
parallel temperature ratio larger than unity. However, with our gyrokinetic tool we can
only model an isotropic species. This simplification is expected to have some effect on
the energy dependent particle fluxes. It has been shown [30, 31] that, in electrostatic
turbulence, at very high energies E the radial diffusivity of particles scale as E−3/2 for
most of the particles except those with |v‖|/v very close to 1. (We introduced the particle
speed v = |v| and the parallel velocity v‖ = v · b, where v is the particle velocity, and
b = B/B, with B = |B| and B the unperturbed magnetic field.) Therefore, at least in
the high energy limit, the transport of an RF heated anisotropic temperature species and
an isotropic species with the same effective temperature is expected to scale similarly.
However, at energies only a few times the bulk temperature (where most of the turbulent
transport occurs) the pitch-angle dependence of the transport is non-trivial: at different
energy ranges it can be weighted towards small or large pitch angles [32].
For the non-fluctuating distribution function fm0(v, ρ) in the gyrokinetic modeling
we use a simple isotropic analytical model derived by Stix, given by Eq. (33) of Ref. [33].
fm0 depends on radius ρ through the spatial variation of the absorbed power density, and
the densities and temperatures of the various non-trace particle species.
By using a non-fluctuating distribution function that is derived by balancing
collisions and quasilinear diffusion due to the interaction with the RF waves means that
we implicitly assume that the radial transport does not affect the distribution function.
In reality the collisional slowing-down time and the radial turbulent transport time can
compete at certain energies. The study of such non-perturbative effects is outside the
scope of the present paper.
3. Turbulent transport
We calculate the turbulent transport of the heated minorities using radially local,
electrostatic, nonlinear turbulence simulations using the “alphas” branch [34] of the
gyrokinetic code gs2[35, 36]. This code is capable of handling a species with a non-
fluctuating distribution which is isotropic but non-Maxwellian. We will assume the heated
species to be present in trace quantities in the sense that it does not affect the turbulence.
For electrostatic simulations of alpha particles the trace approximation was shown to be
justified in Refs. [37, 12], although suprathermal pressure gradients have recently been
observed to have an effect in some electromagnetic simulations [38].
7A trace species is passively advected by the turbulence and it does not affect the
potential fluctuations, thus, given the fluctuation field, the gyrokinetic equation for such
species is linear in the driving gradients in the distribution function. Consequently the
fluxes in velocity space and configuration space are also linear in these gradients which
may be utilized to calculate the fluxes for an arbitrary distribution function as shown in
Ref. [14], and outlined below. Here we are only concerned with the radial transport, thus
it is instructive to define the energy dependent radial particle flux as
Γ(E) =
〈∑
σ
∫
piB dλ√
1− λBhm〈vE〉Rm · ∇ρ
〉
t,ρ
, (1)
where vE is the fluctuating E ×B velocity, hj = fj − fj0 − ejφ∂Efj0 is the non-adiabatic
perturbed distribution of the trace species that is characterized by its total distribution fj
and non-fluctuating distribution fj0 (not necessarily a Maxwellian), with φ denoting the
fluctuating electrostatic potential, and ∂E the partial derivative with respect to the kinetic
energy E(= mjv
2/2). Furthermore, λ = µ/E with the magnetic moment µ = mjv
2
⊥/(2B),
v2⊥ = v
2 − v2‖, and ej and mj are the charge and the mass of species j, respectively. The
summation is done over the sign of the parallel velocity, σ, and 〈·〉Rj represents a gyro-
average holding the guiding center of the species Rj fixed, while 〈·〉t,ρ is an average over
the flux surface and a timescale much longer than the decorrelation time of turbulent
structures. Physically Eq. (1) describes the net flux of particles across a flux surface at a
given energy due to E × B drift in the fluctuating electrostatic field. The total particle
and heat fluxes are calculated as {Γj, Qj} =
√
2m
−3/2
j
∫
dE
√
EΓj(E){1, E}. The non-
adiabatic distribution is calculated from the gyrokinetic equation, which, for species j
reads
∂hj
∂t
+
(
v‖b+ vd + 〈vE〉Rj
) · ∇hj − C[hj ]
= −ej ∂〈φ〉Rj
∂t
∂fj0
∂E
− 〈vE〉Rj · ∇fj0, (2)
where vd is the magnetic drift velocity, C is a gyroaveraged collision operator [39, 40].
The perturbed potential is calculated from the quasineutrality condition, but since a trace
species does not contribute to the charge density, φ is independent of fm and thus for such
species the problem is linear in hm, as well as the drives ∂Efm0 and ∇fm0. Consequently
the radial particle flux is also linear in these drive terms
Γm(E) = −DE ∂fm0
∂E
−Dρ∂fm0
∂ρ
, (3)
where DE and Dρ are energy dependent transport coefficients. For a minority species with
given charge and mass, these quantities are determined by the properties of the turbulence,
which in turn only depends on the magnetic geometry and plasma parameter profiles of
the non-trace species. Given two appropriately chosen distribution functions f
(1)
m0 and
f
(2)
m0 corresponding to fluxes Γ
(1)
m and Γ
(2)
m , the resulting linear system can be inverted to
obtain the transport coefficients. In particular, these distributions can be Maxwellians
8with different radial gradients (chosen so that the linear problem is not singular across the
energy range of interest) [14]; this is the approach we take. Once the transport coefficients
are calculated Γm can be calculated from (3) for any fm0(E, ρ).
3.1. Gyrokinetic modeling
In the following we detail the gyrokinetic modeling using gs2 to obtain Γm(E). We
perform radially local simulations about the radial location ρ = 0.25, which is very close
to the location where the power absorption of 3He is the highest in the cases shown in
Fig. 2.
The simulations include two bulk ion species, (kinetic) electrons and two hot
Maxwellian species in trace amounts which are of the same ion type but have different
gradients. The latter are used to calculate the transport coefficients in (3) as described
above. For the heated minority case the bulk ions are H (70%) and He (15%), and the trace
species is 3He. For the alpha particle case the bulk species are D(50%), T (50%) and the
trace species of 4He. The most important local magnetic geometry and plasma parameters
at this position are the following: The safety factor q = 1.27, the magnetic shear s = 0.125,
the aspect ratio R/a = 3.29, the elongation κ = 1.4 and dκ/dρ = 0.09, the triangularity
δ = 0.075 and dδ/dρ = 0.14, a−1dR/dρ = −0.08. Furthermore for all non-trace species
a/Lnj ≡ −d(lnnj)/dρ = 0, for the bulk ions a/LT i ≡ −d(lnTi)/dρ = 1.509, for electrons
a/LTe ≡ −d(lnTe)/dρ = 1.178, the temperature ratio is Te/Ti = 1.02. In the simulations
the normalized pressure β is set to 0. Collisions for bulk ions and electrons were accounted
for using the conservative collision operator describing pitch angle scattering and energy
diffusion [40].
The simulations used 28 grid points in extended poloidal angle covering one 2pi
segment along the field line, the number of modes is 72 in the binormal (y) direction
and 48 in the radial (x) direction with a domain size in both directions being 15 thermal
Larmor radii of the first ion species (in some cases these numbers were increased to 96,
72 and 20, respectively). The number of untrapped pitch-angles moving in one direction
along the field is 8 and the number of energy grid points is 24. The time step is 0.1 a/v1
with vj = v1 for the first ion species.
3.2. Fluxes against a temperature gradient
First we consider the total particle and energy transport of the heated 3He species across
its region of strongest power absorption, ρ = 0.2 − 0.3. We assume that in terms of the
transport of 3He the radial variations in the turbulence are weak compared to the changes
in fm0. This is reasonable when the power absorption varies much more rapidly than
the background profiles (compare Figs. 1 and 2; in the studied region is indicated with
the vertical bars). Thus we calculate the transport coefficients of Eq. (3) using a single
local gyrokinetic simulation at ρ = 0.25 and calculate how the fluxes vary due the radial
variation of fm0.
9Figure 3. Total normalized turbulent particle- (dashed, blue curve) and energy (solid,
green) fluxes of the heated minority across the region of strongest heat absorption.
Absolute fluxes are given by Γm = Γnnmvrρ
2
∗
, Qm = QnnmvrTrρ
2
∗
. The effective
temperature of the minorities (Teff in 100keV; red, long dashed) and the corresponding
logarithmic temperature gradient (a/LT = −d lnTeff/dρ; black, dotted) are also plotted.
We assumed Pinj = 15MW and a power deposition profile shown with the solid line in
Fig. 2. Note that positive fluxes are flowing radially outward, which means that both
of the fluxes are flowing against the effective temperature gradient (the radial density
gradient of the minorities is zero).
Figure 3 shows the normalized total particle- (Γn, dashed curve) and energy fluxes
(Qn, solid) of
3He as a functions of ρ, together with the effective temperature of the
heated species (Teff = n
−1
m
∫
d3v(mmv
2/3)fm0 given in 100 keV units, long dashed),
and its logarithmic gradient a/LT = −d(lnTeff)/dρ. The absolute fluxes are given by
Γm = Γnnmvrρ
2
∗, Qm = QnnmvrTrρ
2
∗, where Tr, vr and ρ∗ = ρr/a are the reference
temperature, reference thermal speed and normalized thermal Larmor radius, which are
set to be those quantities for the first ion species (H). We note that, for the sharp
absorption profile we consider the effective temperature varies on a rather small spatial
scale. At ρ = 0.25 a 3.5MeV trapped 3He ion has a typical orbit width of 0.08a making
the local gyrokinetic treatment questionable for the most energetic ions. However, as
we will show, most of the turbulent transport occurs at a suprathermal energy range of
∼ 100 keV, where the orbit width is significantly smaller, ∼ 0.01a.
Following the radial variation of the absorbed power, the effective temperature peaks
close to the flux surface ρ = 0.25. Notably, for our baseline parameters the effective
temperature of the heated species exceeds 3MeV (while it is expected to be lower for a
less hot plasma). Even more remarkable is the fact that both the particle and the energy
fluxes are flowing in the direction of the Teff peak (note that radially outward fluxes are
defined to be positive, and the density gradients are zero for all species). Particularly, the
fluxes and a/LT change sign at the same radial location.
The reason for both Γm and Qm flowing against the driving temperature gradient
– which might be puzzling for the first sight – is illustrated in Fig. 4. The energy
10
(a) (b)
Figure 4. Energy variation of f0(v) (a) and Γ(E) (b) at different radial locations
close to the absorption peak. Dashed lines represent negative values. The color
code varies from blue to purple shades with increasing radius; ρ changes on the scale
{0.2, 0.2125, 0.225, 0.2325, 0.25}. In (a) the ρ = 0.2325 and 0.25 curves, located just
below and above the effective temperature maximum, overlap almost completely, while
the fluxes in those locations have opposite sign, as seen in (b).
dependence of the distribution function f0 is shown for various radii in Fig. 4a moving
from ρ = 0.2 to 0.25, approaching the Teff peak and passing its maximum slightly at the
last location (henceforth the species subscript for the hot trace species is suppressed).
The normalization preserves the relative magnitude of the distributions (i.e. their
number density is radially constant). The effective temperature increases as the peak is
approached radially – while the 3He density remains constant – causing the distribution
function to spread out towards larger energies and become depleted at low energies.
The corresponding Γ(E) functions are plotted in Fig. 4b (with similar color coding for
the different radii; dashed lines representing negative values). The energy dependent
fluxes have a maximum at very low energy (∼ 100 keV) compared to the typical effective
temperatures (∼ MeV) and they decay rapidly due to FLR effects. The fluxes are thus
dominated in an energy range where the distribution function is depleted when moving
radially towards the higher temperature region. In the light of these observations fluxes
towards the peak of the Teff , shown in Fig. 3, is not surprising: f0(E ∼ 100 keV, ρ) has a
minimum at the radius of the highest Teff .
It is clear that the phenomena is not the result of the f0 being non-Maxwellian.
Figure 5a shows the normalized particle and heat fluxes (dashed and solid lines,
respectively) as functions of the temperature of a Maxwellian trace species. We assume
that the turbulence properties in terms of DE and Dρ are the same as for our baseline
case (detailed in Sec. 3.1), with Tr = 25 keV, a/LTm = −30, and a/Lnm = 0. For
a/LTm < 0 (minority temperature increases with radius) we normally expect an inward
heat flux Qn < 0; indeed when Tm ∼ Tr both Qn and Γn are negative. However, as
Tm is increased first the particle then the heat flux change sign opposing the minority
temperature gradient. Radial fluxes in the presence of gradients represent sources in the
local free energy balance equation (see [41] and references therein). As a trace species
11
(a) (b)
Figure 5. Radial fluxes of a high temperature Maxwellian trace. (a) Total normalized
particle- (blue, dashed curve) and energy (green, solid) fluxes as functions of the minority
temperature, T. A quantity related to the entropy production by radial fluxes in this
scenario (temperature profile peaks outward, density gradient zero) is also plotted (black,
dotted). Note that while the fluxes change sign with increasing minority temperature,
the entropy production always stays positive. (b) Γ(E) (red, lower curve) and d(ln f0)/dρ
(blue, upper curve) as functions of energy for a fixed minority temperature (T/Tr = 30).
Both quantities change sign at the same energy (dashed curves represents negative
values), thus at a given energy the flux is not flowing against the radial gradient.
does not exchange energy with the fields the free energy is conserved for the species in
isolation, and destroyed only by collisions (however small the collision frequency may be).
Therefore negative free energy generation would imply negative entropy production that
is unphysical. This problem does not arise in our case, since – for zero gradients of density
and toroidal rotation frequency, and a/LTm < 0 – the free energy generation by the fluxes
is proportional to (3/2)ΓmTm−Qm ∝ (3/2)ΓnTm/Tr−Qn. This quantity remains positive
even though the fluxes change signs with increasing Tm as shown by the dotted curve in
Fig. 5a. Considering the energy dependence of the radial flux and the radial gradient
(shown by red and blue curves in Fig. 5b, respectively; negative values are represented
by dashed lines) reveals that the radial flux indeed flows down the radial gradient at a
given energy (the two quantities have opposite signs and change sign together). In this
case the radial fluxes are dominated by the contribution from an energy range E/Tr ≈ 5,
where the distribution function is decreasing radially, while dTm/dr increases.
3.3. Transport of heated species and alphas
Finally, we turn our attention to the radial transport of the hot minorities and compare
the results for the heated impurities and alpha particles. We consider the radial location
ρ = 0.275, somewhat outside the maximum of the RF power deposition so that the
effective temperature of 3He decreases radially while it is still very high (Teff ≈ 2.8MeV).
Assuming similar background profiles (discussed in Sec. 2) but different ion
composition results in qualitatively similar turbulent transport in terms of the transport
coefficients for a trace species. The transport coefficients DE (dashed curves, given in
units of ρ2∗vrTr) and Dρ (solid curves, in units of ρ
2
∗vr) are shown for alpha particles (blue
12
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Figure 6. Energy dependent transport coefficients (a), radial particle flux (b), and
logarithmic energy- (c) and radial (d) derivatives of the distribution functions of the
energetic minority. The calculations are based on the 20020100 ITER discharge at
ρ = 0.275. Blue curves: α slowing-down distribution, α-source and turbulence calculated
for 50−50% D-T. Green curves: heated He3, ion composition and heating of Fig. 2 (solid
line). Dashed lines represent negative values. Dotted lines show results for the reduced
density and temperature plasma corresponding to the dashed curve of Fig. 2; these are
|DE | in (a) and |Γ| in (b).
curves, D-T plasma) and heated 3He (green curves, H-He plasma) in Fig. 6a. In terms
of their energy dependence, both quantities peak around 100 keV and decay towards
high energies due to FLR effects. The radial coefficient Dρ is positive, as it should
be for positive entropy generation. The energy coefficient DE is negative, similarly to
the findings of Ref. [42]. It being negative means that without radial variations in the
distribution function there would be inward fluxes (except for distributions non-monotonic
in energy), which can be thought as a generalized pinch due to the background turbulence,
driven by gradients in the distribution of the bulk species. However, DE∂Ef0 ≪ Dρ∂ρf0,
that is, in terms of Γ(E) the radial variation of the distribution function at a given
energy is more important than its energy variation. This is expected for a hot species
with radial gradients comparable to, or larger than, those of the bulk [10]: Although
the diamagnetic frequency of the bulk species is comparable to the characteristic mode
frequency of the underlying drift waves, the diamagnetic frequency of the hot species –
ultimately giving rise to the Dρ∂ρf0 contribution – is typically much higher than the mode
frequency. The transport coefficients of the heated 3He are approximately 3 times larger
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in absolute magnitude than those of the alpha particles, due to differences in the bulk ion
composition. However, this difference merely reflects a change in the turbulence intensity:
a similar difference in the total ion heat fluxes is also observed. These simulations are
gradient driven and exhibit a stiff ion heat transport; in an experiment the gradients
would slightly adjust to produce a fluctuation amplitude and a heat flux as required by
the sources. Thus, for a similar heating power inside the flux surface of interest we expect
the magnitude of the transport coefficients to be very similar in the two plasmas.
As we have established that turbulence has a similar effect on the hot species in
both plasmas, any notable differences in terms of their radial transport should come
from differences in the their distribution functions. The generation mechanism of the
hot species is fundamentally different: while alpha particles are born at high energy with
a radially varying source and slow down due to collisions, the distribution of the heated
species is shaped by a quasilinear diffusion due to the interaction with the electromagnetic
field and collisions. In particular, if we could instantaneously “switch on” D-T fusion,
alpha particles would start filling up phase space from high energy, while when RF heating
is switched on the distribution expands from lower towards higher energies. Naturally, the
hot alpha particle distributions have a radial density variation due to the source gradients,
while the heated distribution can have a potentially strong effective temperature gradient
depending on the power deposition profile.
With time the fluxes in phase-space would become divergence free as the minorities
would settle at some equilibrium distribution function (analogous to the converged plasma
parameter profiles in predictive modeling). In our gradient driven modeling we cannot
address this question, and we are only concerned with the fluxes for given distribution
functions. The radially decreasing source strength of alphas and the radially decreasing
effective temperature thus clarifies d(ln f0)/dρ being negative for alphas for all energies,
and being large and positive for 3He over most of the energy range considered, as shown
in Fig. 6c.
The energy derivatives are shown in Fig. 6d. The high and low energy limits of the
3He distribution are different temperature Maxwellians thus −d(ln f0)/dE varies between
two constant asymptotes, while this quantity for the alpha slowing down distribution is
non-monotonic with a peak comparable to the critical energy (the He ash distribution
is not considered). The resulting energy dependent fluxes normalized to their maximum
values are shown in Fig. 6b. For the heated 3He both the energy and the radial gradient
drive terms cause inward fluxes, thus the total fluxes are inward. A sign change of Γ(E)
occurs near where d ln f0(E)/dρ changes sign, but above that energy Γ(E) is so small
that the total particle and energy fluxes remain negative. This would, on longer time
scales, lead to an accumulation of the heated species around the maximum of the power
absorption. While the energy derivative contribution is negative for the alphas too, the
radial gradient driven part is positive for them, producing outward total flux.
After considering a completely flat minority density profile and a rather sharp
effective temperature variation in our heated minority example, now we consider the
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effect of these assumptions being relaxed. At the radial location ρ = 0.275 the effective
temperature gradient is a/LT = 35.6, which is due to a comparably large gradient in
the absorption profile a/LP ≡ −d(lnPabs)/dρ = 23. Reducing a/LT at zero density
gradient linearly scales down the fluxes, and their sign is unaffected. However, when the
minority has a density gradient comparable to the effective temperature gradient, the
fluxes can change sign. In our heated minority example, if Teff and a/LT are held fixed
Γm (Qm) is found to change sign at a logarithmic minority density gradient of a/Ln = 48
(a/Ln = 28). If the absorption profile is held fixed then the sign change happens at lower
density gradients, a/Ln = 18 (a/Ln = 13.5), since then the density variation also affects
the effective temperature variation.
Although we do not evolve the distributions of the hot trace species towards a steady
state, we note that such task is feasible for alpha particles, and has been done with the
t3core code presented in Ref. [14, 43]. For alphas the steady state is determined by
the sources, the slowing down and the radial transport due to turbulence; the generation
through fusion should be balanced by the total radial transport. The heated species
problem is considerably more involved, since the process of the heating itself depends
on the heated distribution function, we do not attempt to tackle this very challenging
problem here.
For the 3He heating case we have shown simulation results with plasma parameters
similar to a projected ITER DT discharge (Case 1). Although the similarity of the
plasma parameter profiles was convenient in simplifying the comparison, the densities and
temperatures in a non-activated phase discharge relevant for a TIM heating experiment
could be significantly lower. To asses corresponding differences in the transport we
calculate the transport coefficients and the radial flux of the heated species for densities
and temperatures scaled by constant factors (see caption for Fig. 2, Case 2). Also, we
reduce the injected power to Pinj = 10MW, since the power absorption by the
3He ions
is more effective at the reduced bulk temperatures.
The local gyrokinetic simulation results are only affected by these parameter changes
through changes in collisionality (besides changes in the normalization, which do not
enter the simulation). The collisionality in this ion temperature gradient mode driven
turbulence has only minor effects. The transport coefficients are thus similar, apart from
a shift in the energy range by a factor 7.3 that is the same as the ratio between the
temperatures in Case 1 and Case 2. For comparison we show |DE| for Case 2 in 6a,
which is to be compared with the green dashed line for Case 1. Due to the change in
collisionality the heated distribution in Case 2 is not simply down-shifted in energy but it
is slightly different, which leads to that Γ(E) is visibly different between the two cases (see
|Γ(E)| plotted with dotted line in 6b), with the ratio between the peak energies being 11.2
and the ratio between the energies where the sign change occurs is 21.4. The qualitative
behavior and the sign of the total fluxes remain the same.
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4. Conclusions
We have studied the turbulent transport properties of various energetic, non-Maxwellian
trace species in magnetized plasmas. In particular we compared the radial transport
of the hot species in the three ion minority ICRH scheme (assuming a peaked off-axis
power deposition) to that of alpha particles based on projected ITER plasma parameter
profiles. The motivation for such comparison is the prospect of mimicking alpha particle
confinement with MeV range ions already in the non-activated phase of ITER operation,
or in present day experiments.
As a general observation, we find that a species (Maxwellian or not), characterized
by an effective temperature much higher than the bulk temperature and an effective
temperature gradient sufficiently higher than the density gradient, can develop energy
and particle fluxes flowing against the gradients. The reason is that most of the turbulent
transport occurs on an energy range comparable with the bulk temperature, and it is FLR-
suppressed towards high energies. A temperature gradient for such a high temperature
species corresponds to a radial gradient of the distribution function with the opposite
sign at these energies much lower than the species’ effective temperature. The behavior
of heated minorities is governed by this phenomena. For minorities much hotter than the
bulk plasma the use of energy dependent radial particle flux is more informative than the
total particle and heat fluxes.
We find that the energy dependent turbulent transport coefficients of the passively
advected species are similar in the different ion configurations considered (H-He plasma
with a trace 3He and D-T plasma with trace alphas). The radial turbulent transport is
dominated by a contribution from a suprathermal energy range, ∼ 100 keV for the ITER-
relevant bulk temperatures considered. However, the radial particle transport is different
because of differences between the distribution functions of the hot species. The alphas
have a radially varying particle source corresponding to a radially decreasing density,
which necessarily corresponds to an outward total particle transport in steady sate. The
heated minorities, if they originally have a density profile less steep than the effective
temperature profile, will be radially transported towards the region where most of the
RF heat deposition takes place, as their distribution function is depleted there across
the energy ranges dominating the turbulent transport. These results suggest that their
steady state density profile should be peaked in the region where the heat deposition is
the strongest. Despite the observed differences in their turbulent transport, by generating
ions in the right energy range in a controllable fashion, the TIM scheme would still be very
useful in validating alpha particle transport prediction tools before the activated phase of
the ITER operation. Our results point out the importance of these tools to account for
effects stemming from the differences in alpha and heated minority distribution functions.
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